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1. Introduction 
Polymer powders are critically important in many commercial applications such as 
paint and ink additives, powder spray coatings, raw feedstock for rotational molding, and 
starting components for composites and alloys. Polymer powder applications have an 
expanding potential as processing technology begins to accommodate commercial demands 
by allowing a wider variety of processed polymer materials. Currently, most commercial 
polymer powders are processed via grinding or milling, usually under cryogenic conditions 
[1], which is both a costly and timely process. Another possible approach is pulverization 
extrusion, but that is only applicable to few polymers having the appropriate characteristics 
[2, 3]. These mechanical processing techniques just mentioned lead to arbitrarily shaped 
particles~ hindering some micro-technological applications due to interlocking of particles, 
and run the risk of contaminating the resultant product. 
Because of the aforementioned problems, an alternative processing route was 
developed in 1997, which created spherical powders directly from a molten stream of ultra 
low molecular weight polyethylene polymers [ 4]. This technique used a high-pressure gas 
atomization (HPGA) nozzle, similar to the one used in metal powder processing [5], to shear 
and quench the molten polymer stream into fine spherical powders. The process begins by 
gravity feeding a molten polymer from an isothermal crucible through a pour tube. 
Surrounding the pour tube is a HPGA nozzle, which sprays the molten material upon exiting 
the pour tube with an inert gas. Gas atomization processing ( GAP) created fine, spherical 
particles which have better flow characteristics in micro channels due to the spherical shape. 
With the direct molten processing route, the risk of contamination is negligible. 
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Additionally, the processed polymers showed a reduction in crystallinity, that is difficult to 
accomplish in semi-crystalline polymers [6]. 
Gas atomization of polymers is presently confined to the previously atomized 
polymer materials. The main hindrance with the crucible-based GAP was that the process 
was only viable using ultra low molecular weight polyethylenes, having very low viscosity 
and Newtonian fluid flow behavior [6]. Higher molecular weight polymers are known to be 
non-Newtonian and have viscosities several orders of magnitude higher then the previously 
atomized materials, making them impossible to atomize via a gravity-fed crucible at this 
time. 
1.1 Research Problem 
There is a large industrial interest in atomizing high molecular weight materials, 
which cannot be atomized via the previously developed crucible-based GAP. Based on the 
previous atomization work with the crucible process, polymers with lower viscosities are 
most favorable for atomization because they flow through the gravity fed pour tube. Higher 
molecular weight materials having substantially higher viscosities, lead to premature 
solidification and plugging during atomization experiments. Additionally, higher molecular 
weight materials that do flow through the pour tube are generally not atomized into fine 
spherical powders, and never fully discharge from the crucible because they solidified and 
cap the pour tube. These issues needed addressing and overcoming to make the process 
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viable for wider usage. In order to advance the process to incorporate atomization of higher 
molecular weight materials, significant modifications to the existing system are needed. 
A gas-assisted extruder was needed to contend with the high viscosities expected, but 
acquiring and implementing the device was an immense endeavor creating several design and 
experimental challenges. Converting the crucible-based system to a gas-assisted extrusion 
process created design constraints and complications. The established crucible-based system 
could not mechanically support an extruder and the necessary operating space for personnel. 
Beyond structure, designing an appropriate coupler of the extruder to the HPGA nozzle 
required manufacturing of a specific, custom-built die attachment. After implementation of 
the modified, next generation GAP assembly, appropriate operating conditions needed to be 
established through a number of carefully designed experiments to fully utilize the gas-
injection capabilities. 
1.2 Goals and Objectives of Research 
In an effort to further the gas atomization of polymers, two types of materials from 
Huntsman Chemical Corporation (various grades of polypropylene and polystyrene), were 
selected with the following as the main goals of the research: 
1. Develop specifications for and procure an extruder with gas injection capability. 
2. Design a means of coupling the extruder die to the existing HPGA nozzle in 
atomization unit and debug the process from feed to material collection. 
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3. Demonstrate the use of gas injection to facilitate the atomization of polypropylene 
and polystyrene into microbeads, with emphasis on polypropylene. 
4. Evaluate and analyze the properties of resultant products in terms of size distribution, 
yield, shape and crystallinity. 
This work focuses on the design and experimental efforts required to meet these goals. In 
doing so, a preliminary background study is described that establishes the framework of the 
relevant technologies, characterization information used, and crucial modification efforts 
completed. Establishing this background allowed targeted atomization experimentations, 
followed by the results from both the characterization and atomization work. Finally, a 
discussion of the experimental results is followed by the conclusions and suggested future 
work. 
2. Background 
Due to the combination of the gas-assisted extrusion and the HPGA nozzle, several 
background areas are needed when discussing the modifications made to GAP of polymers. 
A strong understanding of atomization, especially the HPGA nozzle, and gas-assisted 
extrusion are needed to provide a basis for present and future capabilities of the system. Gas-
assisted extrusion relies on dissolution of gas, in this instance supercritical carbon dioxide, 
into a molten polymer. This process requires comprehension of both extrusion and the gases 
used in creating a single-phase, polymer/gas solution. Understanding capabilities of these 
technologies leads to material selections based on known desirable characteristics. 
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Rheology, thermal degradation temperatures, and enthalpy of fusion data are useful in 
material selection based on flowability, melt stability, heat capacity and crystallinity, 
respectively. 
2.1 Atomization Technology 
Gas atomization of polymers is based on a metals process that utilizes a high-pressure 
nozzle to shear and quench the material into spherical particles [ 5, 7]. Applying that 
technology, polymers too waxy to be ground were atomized into a spherical particulate 
product with reduced crystallinity [6, 8]. The crucible-based process and newly developed 
gas-assisted extrusion apparatus have similarities to the metals powder device, but only in 
machinery and not in characteristics of materials processed. The molten metals tend to have 
Newtonian viscosity profiles and a practically unlimited process temperature ceiling, while 
the molten polymers contend with viscoelastic flow profiles and a processing temperature 
window limited by the initial degradation temperature. Despite these differences in feed 
materials, both processes contain a heating zone, atomization zone, and collection zone, 
similar to the original polymer process shown in Figure 2.1. 
2.1.1 High Pressure Gas Atomization Technology 
Polymer atomization stems from the high-pressure gas atomization (HPGA) nozzle 
developed by Anderson et al [ 5, 7] . The HPGA nozzle used in polymer atomization is one of 
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the first generation nozzle designs. It consists of twenty gas jets, radially distributed at a 
small angle from the vertical axis around the pour tube, guided by a thin-walled insert. 
Molten material is transported from the heating zone to the atomization zone via the pour 
tube as seen in the cut-away schematic in Figure 2.2. 
As molten material passes through the pour tube, high purity (99.995%) nitrogen gas 
from a 6000 psi cylinder is sent through the HPGA nozzle at a pressure around 1000 psi. 
Other inert gases, such as argon, have been used in the metals process, but have not been 
tested with polymers. Gas jets from the nozzle hit each other and recirculate across the face 
of the pour tube, generating an aspiration that can draw molten polymer from the crucible. 
As the polymer is struck by this expanding, high velocity gas the molten stream is 
recirculated, quenched, and sheared at extremely high rates. Expanding gas is known to have 
a lower temperature known from Joule-Thomson expansion [9], thus the polymer is 
quenched via this very low temperature (-90°C) [6]. The atomization recirculation flow is 
shown in Figure 2.2, which also schematically depicts where the shearing due to the 
atomization gas creates powders [6]. There are two potential areas of polymer breakup. 
Initial breakup occurs at the point of recirculation, and the possibility of shock-enhanced 
disintegration further on in the gas stream, which is known to happen in GAP of metals [5]. 
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Figure 2.1. Gas atomization processing unit before modifications [4]. 
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2.1.2 Processing Aspects and Requirements 
Crucible based atomization requires the material to flow through the pour tube under 
the static head of the molten polymer. That requirement means that the material and pour 
tube must achieve and maintain a temperature allowing the material to remain fluid through 
the pour tube. In the case of metals, this is generally achieved by heating the material to a 
temperature so that the viscosity is low enough for the desired flow. Polymers, however, 
tend to degrade or even polymerize when subjected to elevated temperatures. 
Polymer atomization, using crucible operation, was completed for two ultra low 
molecular weight polyethylenes, supplied by Hoechst Celanese Corporation as PE 130 and 
PE 520 [8]. This was a tremendous breakthrough because the materials are unprocessable 
via conventional methods such as grinding [6]. Glass transition temperature (Tg), melt 
temperature (Tm), melt crystallization temperature (T x) and initial degradation temperature 
for these materials, are shown in Table 2.1. The processing temperature window for both 
materials is small, having approximately a 75°C difference between melt and initial 
degradation temperatures. Because atomization gas exiting the nozzle is at such a low 
temperature (-90°C), the material solidified almost instantly avoiding shock-enhanced 
disintegration and ultimately reducing polymer crystallinity [ 6]. 
Another material parameter considered was the melt viscosity. Most polymers have a 
non-Newtonian melt viscosity that is reasonably high in comparison to the PE130 and PE 
520. Comparatively, the viscosity of the previously atomized ultra low molecular weight 
materials exhibits a Newtonian behavior. Figure 2.3 shows a comparison in viscosity versus 
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Figure 2.2. Side, cut-away schematic of HPGA nozzle showing atomization function [6]. 
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Table 2.1. Material temperature values of previously atomized polymers (4). 
Glass 
Grade Transition 
Material Temp. 
(Tg, °C) 
PE 130 -112 
PE 520 -109 
0.1 
..-. 
"Jj(,,, 
ns 
Q. 0.01 -s w 
0.001 
• • 
Melt 
Temp. 
(Tm, °C) 
125 
120 
Melt 
Crystallization 
Temp. 
(Tc, °C) 
120 
115 
Initial Inert 
Degrading 
Temp. (°C) 
200 
220 
Initial Air 
Degrading 
Temp. (°C) 
200 
200 
: I I I I I 111111~,11 ••• 
• PE 520 
li1fl PE 130 
Viscosity of Water at 2soc 
0.0001 -------------------------+--__,J 
10 100 
Shear Rate (1/s) 
Figure 2.3. Steady shear viscosity versus shear rate for PEI 30 and PE520 at 190°C. 
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steady shear rate for both PE 130 and PE 520, along with a comparative mark showing the 
relative viscosity to water. As can be seen, these materials have viscosities on an order of 
scale near water and do not vary with shear rate, an uncommon trend seen in comparison to 
several other polymers. 
As previously mentioned, the two major influencing material characteristics for 
previously atomized materials are the initial degradation temperature and melt viscosity. 
Initial degradation temperature establishes an operating temperature range, which is also 
directly connected to melt viscosity. Viscosity in polymers lowers as melt temperature 
increases, assuming extraneous thermal effects such as thermally induced polymerization are 
negligible. In this manner, a higher melt temperature produces a lower viscosity, which is 
beneficial in increasing flowability of the material. However, most polymeric materials are 
substantially higher in molecular weight and have non-Newtonian viscosity behavior. A 
Newtonian viscosity profile is beneficial because it adds a control variable by removing any 
potential of shear effects, unlike the non-Newtonian counterpart, thus reducing the amount of 
process variables. The issues of melt viscosity versus polymer degradation temperature 
remain even as the atomization process was expanded to incorporate higher molecular 
materials, but are less predominate. 
12 
2.2 Extrusion Technology 
Processing higher molecular weight materials was accomplished by the addition of a 
common plastic processing device called an extruder. Extrusion is a process that acts much 
like a pump, conveying thermally homogeneous polymer melt at a uniform rate [10]. Figure 
2.4 is a schematic of an extrusion process. An extruder consists of a method of feeding raw 
material (meter screws in this case), a rotating extruder screw operated by a variable speed 
drive, a series of heater bands along the extruder barrel, and a die. 
Solid plastic granules or powders are placed in the feed hopper, which is either 
metered or directly fed to the extruder screw, consisting of a single or twin screw, as is 
shown in Figure 2.4 (twin screw system not shown). Metering the feed into the extruder 
screw via a metering screw and starving the feed hopper are methods used to avoid 
processing complications such as bridging and excessive pressure increases. A meter screw 
from the feed hopper gauges the amount of material entering the mouth of the extruder screw 
by process control, while starving the feed hopper is a manual method of filling only a 
certain portion of the feed hopper to achieve the gauged amount. If an excess of material 
enters the extruder screw, bridging may occur by molten material sealing off the mouth of 
feed hopper. Such an excess of material can also create a large pressure increase inside in the 
extruder barrel leading to an overload of the variable speed drive motor and possible damage 
to the extruder barrel. 
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Figure 2.4. Example schematic of extrusion process. 
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2.2.1 Extruder Screw 
As can be seen by some of the complications, extrusion processing revolves around 
the extruder screw, which is designed to heat and convey material at a constant rate. Typical 
extruder screws consist of three basic zones: 1) feed zone; 2) compression zone; 3) metering 
zone. Each zone is designed with specific intentions and has particular screw dimensions to 
accomplish the goals of that zone. 
The feed zone is designed to preheat material and supply all subsequent zones with 
the appropriate amount of material, avoiding overrunning or starving in subsequent screw 
sections [11]. Once transferred from the feed zone, the polymer enters the compression zone, 
where the screw's flight depth gradually decreases thus compressing the plastic and creating 
a thinner material layer for more efficient heat transfer. This compression not only causes 
shear heating of the plastic, but it also forces any residual gases back to the feed zone. 
Finally, the metering zone is the portion of the screw that is designed to keep a constant flow 
of material at as constant a pressure as possible. Constant flow and pressure are 
accomplished by keeping constant flight dimensions through the length of the metering zone. 
All extrusion zones are thermally assisted by heater bands on the barrel. Heating 
each section aids in heating the polymer material, whether it is being preheated or drawing 
energy from a heat sink for an isothermal melt. Preheating material is a means of removing 
any excess moisture before the compression zone. Since the compression zone creates a thin 
material layer, heat transfer from the band heaters through the extruder barrel assists the 
shear heating. 
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Since the screw sections have different screw dimensions, the pressure profile will 
vary throughout the length of the barrel. A typical pressure profile is shown in Figure 2.5, 
and as can be seen, the pressure profile is sigmoidal with respect to length. Since the feed 
zone is primarily for preheating and conveying material, it begins with a very gradual 
pressure increase that drastically increases as it approaches the compression zone. The 
compression zone causes a very large pressure increase as it forces the material against the 
walls of the barrel. Pressure then gradually levels off through the metering zone as the 
material flows homogenously. Pressure has a noticeable effect on viscosities because 
occupied and free volumes of the polymer compress at different rates [12]. 
Screw designs may vary as necessary depending on specific applications. Some 
screws have ventilation sections for volatile release, such as water vapor or other volatile 
organic compounds. Screw compression ratios may also vary, depending on the material 
processed and desired processing pressures. Sections may also be added to the metering 
section to aid mixing, which assists in achieving a more uniform or homogeneous melt flow. 
Mixing flights or mixing pins may be added to the screw, else static mixers are necessary 
after the metering zone. Mixing screw flights are sections of the screw designed for mixing, 
while static mixers create a turbulent flow after the metering zone and before the die, but do 
not rotate with the extruder screw. The use of a breaker plate also assists in the creation of 
desired pressure profiles and uniformity in the melt flow at the metering section by creating a 
backpressure in the extruder barrel [11]. Breaker plates are located directly after the screws 
meter zone and act much a colander that strains contaminates from the molten stream. 
Pressure 
Meterin 
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Figure 2.5. Pressure profile for single screw extruder [11]. 
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2.2.2 Extrusion Theory 
Polymer melt in an extruder is analyzed by the following four mass flow equations: 
drag, pressure, leakage, and die flows, as shown in Table 2.2. Drag flow is flow associated 
with the open channels of the helical screw in the barrel of the extruder. Pressure flow 
equates to the back flow against the extrusion direction, which is produced from the pressure 
created by the breaker plate and die. Leakage flow comes from the backward flow of 
material between the screw flight and the barrel. Die flow occurs because of a die situated at 
the end of the extruder and is taken into consideration separately due to the dimensions of the 
die shape and melt pressure created at the die. 
Modeling extrusion flow is very difficult, but with the appropriate assumptions, 
theoretical modeling can be done. Generally, leakage flow is assumed as negligible when 
compared to drag and pressure flows. Because of this, only drag, pressure, and die flow 
equations will be discussed. Table 2.2 shows the mass flow equations associated with drag, 
pressure, and die flows as well as how the equations relate to one another. 
The maximum flow for an extruder is in the open discharge mode, where no die is in 
place to create a pressure flow (Qp = 0). This means that the extrusion and drag flows are 
equal (Q = Qd). Since pressure flow arises from backpressure associated with the die, it 
opposes the direction of extrusion flow, therefore making it negative in an overall mass 
balance for extrusion flow (Q = Qd - Qp). Because this term is negative, the maximum 
pressure is the pressure value having equal drag and pressure flows (Qd = Qp ), ultimately 
producing zero extrusion flow (Q = 0). In terms of a pressure profile (see Figure 2.5), 
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pressure is complicated in respect to extruder length. To simplify this, dP/dL is assumed as 
pressure divided by length (P/L), giving a linear pressure gradient with respect to length. 
Drag Flow 
Pressure Flow 
Die Flow 
(Capillary die) 
Extrusion Flow 
Extruder and Die 
Flow 
Variables 
Table 2.2. Extrusion flow equations [11, 13]. 
Q _ n D H 3 sin 2 </> dP 
P - 1217 dL 
Q = QDie 
D = screw diameter, 
N = screw revolution per time, 
H = flight depth, 
</> = flight angle, 
17 = melt viscosity, 
dP/dL = pressure gradient per length change, 
R = capillary die radius, 
Ldie = die length, 
P = die pressure. 
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Using the combination of these equations, an optimal pressure can be calculated by 
equating die and extrusion flows and solving for the pressure term. Using that optimal 
pressure, the operating mass flow can be calculated. Another method of analyzing flow in an 
extruder is by graphing the extruder and die flow equations in terms of pressure versus mass 
flow. Mass flow will increase for die flow as pressure increases, but will decrease for 
extruder flow since the pressure term is negative. The intersection of both functions on the 
graph will also give both the operating pressure and the mass flow. 
2.3 Supercritical Fluid Technology 
The use of supercritical fluid is a vastly expanding area in a multitude of different 
processing aspects and fields [14]. A simple definition of a supercritical fluid would be a 
fluid that has exceeded its critical point. The critical point of a fluid is designated by the 
critical pressure and critical temperature, under which the fluid looses its distinction between 
liquid and vapor. Exerting the fluid beyond the critical point puts the fluid in what is known 
as a supercritical region where the fluid has properties of both the liquid and vapor phases but 
does not encounter a phase change. Essentially the difference between coexisting liquid and 
vapor phases disappears [ 14]. 
Figure 2.6 shows examples of both pressure-temperature and pressure-volume phase 
diagrams for a single compound fluid. As can be seen, the volume diagram looks drastically 
different from the temperature diagram because of the types of variables displayed by each 
diagram. Variables such as volume, density, enthalpy and entropy are known as density 
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variables, while variables like pressure, temperature and chemical potential are field 
variables. Field variables are equal in all coexisting phases, which is unlike the values 
associated with density variables in various phases [14]. This explains why the vapor 
pressure curve shows a coexistence line separating liquid and vapor phases but meets at the 
critical point where the phases are indistinguishable. Volumes for the vapor and liquid are 
different for a given pressure except at the critical point, which is the last point of the two-
phased region. Because of these unique characteristics, the supercritical fluid regime allows 
materials to have intermediate properties between the liquid and vapor, as well as non-
intermediate properties between liquid and vapor. 
Several fluids have supercritical regimes and there are quite a few processing uses for 
these fluids. Water, volatile orgamc compounds, hydrochlorofluorocarbons, 
chlorofluorocarbons and carbon dioxide among others have supercritical regimes. Carbon 
dioxide, for example has a critical point at 31.1 °C and 73 atm (7.4 MPa), while water 
becomes supercritical above 374.15°C and 218.4 atm (22.1 MPa) [15]. Supercritical fluids 
are used commonly and have several applications. Common usage includes extraction and 
chromatography, with areas expanding into solvent usage and polymer processing aids. Out 
of all these fields, the largest interest for atomizing polymers involves the aspects related to 
viscosity reduction during polymer processing. 
a. 
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Figure 2.6. (a) A pressure temperature diagram showing the vapor pressure curve with the critical point for a 
single compound fluid . (b) A pressure volume diagram of the same fluid demonstrating the coexistence curve 
as well as the critical point. Cross-hatching designates the supercritical region in both [14]. 
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2.3.1 Polymer Processing Applications of Supercritical Fluid Technology 
Polymer processing is aided by the use of supercritical fluids. Examples involve the 
foam industry, blending immiscible polymers via a supercritical fluid, and general viscosity 
reduction, all of which are of use for polymer gas atomization adaptations. A large aspect of 
polymer processing with supercritical fluids revolves around solubility of the fluid in the 
polymer. Polymer/gas system solubility is often described by Henry's Law [16-18], given 
in Equation 2.1. The symbol P denotes the vapor pressure of the gas, kh is Henry's gas 
constant, and w represents the weight fraction of fluid dissolved. Depending on the gas 
involved, Henry's Law is relatively accurate with possible exceptions at extremely high 
pressures. Figure 2.7 demonstrates chlorofluorocarbons (CFC's), hydrochlorofluorocarbons 
(HCFC's) and carbon dioxide solubilities in polystyrene at 373K at different pressures, 
showing how most materials have linear relation as shown by Henry's Law. Increasing 
pressure leads to a directly proportionate increase of dissolved gases, as stated in Henry's 
Law. 
2.1 
Besides pressure, another parameter needing consideration for solubility 
determination is system temperature. Dissolved gas amount is often directly proportional to 
pressure and inversely proportional to temperature. Figure 2.8 shows how a 125 K 
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temperature difference can dramatically reduce solubility under the same pressure conditions 
for hydro fluorocarbon-134a. 
Once dissolved into a polymer, supercritical fluids can have an effect on molten 
properties and polymer morphology. It is well known that supercritical fluids reduce molten 
polymer viscosity. Viscosity reduction is achieved by two mechanisms: increased free 
volume in the system and reduced chain entanglement by lubricated branching chains [19-
28]. Supercritical fluids, as a solvent, not only reduce the viscosity of its polymer solute, but 
also have a viscosity lower than their own liquid counterpart [14]. Additionally temperature 
transition reductions, such as melt temperature, cold crystallization temperature, and glass 
transition temperature, have been observed by the addition of supercritical fluids [29, 30]. 
This can be seen in Figure 2.9, where carbon dioxide is dissolved into polystyrene. 
Foam and blend processing via extrusion exemplify these property-altering aspects 
associated with adding a supercritical fluid to a polymer. A typical processing schematic for 
both processing techniques is shown in Figure 2.10. The process generically consists of an 
extruder capable of gas injection and a positive-displacement pump system attached to the 
gas of choice. In Figure 2.10 a syringe pump is used as the injection device of choice, 
however any positive displacement pump capable of operating under appropriate pressures 
and flow rates is acceptable. Previous processes were developed using volatile organic 
compounds, HCFC's, or CFC's for supercritical purposes because of their solubility [31, 32], 
but presently there is a large environmental need to use inert gases. 
Foaming and blending differ by more than just desired property outputs. Foaming 
utilizes the dissolved fluid to nucleate voids as fluid precipitates as a gas by expanding when 
exiting the die. Varying process parameters alters the size of nucleation as well as overall 
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Figure 2.9. Melting (Tm), cold crystallization (Tc), and glass transition (Tg) temperature depressions in 
polystyrene as a function of CO2 pressure [30). 
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Figure 2.10. Generic schematic of gas-assisted extruder used in polymer foaming and blending [26]. 
26 
product density. Blending often attempts to take immiscible polymers and combine them to 
create new composite materials. This may be achieved by placing the polymers under 
conditions where viscosities are more similar, done via supercritical fluids. Also, the 
addition of supercritical fluids may reduce the interfacial tension of the polymers, which 
would also contribute to polymer blending [23, 34]. 
The largest processing constraint involved in using these techniques revolves around 
keeping the injected fluid supercritical until it leaves the die of the extruder. Die and 
metering zone pressures gradually reduce to create a continuous flow. This, however, creates 
the possibility of gaseous precipitation of any dissolved fluid. One way to avoid this 
phenomenon is to keep the melt pressure well above the critical pressure of the fluid. 
Additionally, using a screw design that promotes a melt seal at the injection point is 
beneficial. 
2.3.2 Supercritical Fluid Technology in GAP 
Gas-assisted extrusion technology was chosen because of its ability to decrease the 
viscosity of molten extruded materials. It is known that gas injection is used in the 
production of polymeric foams from materials such as polystyrene and polypropylene [ 17, 
32], which are the selected materials of interest for advancing polymer atomization to higher 
molecular weight materials. Carbon dioxide was selected specifically as the injecting agent a 
variety of reasons. Of main interest are its inert properties, but it has also shown viscosity 
reduction of the molten phase in the individual components of blends, blended materials, and 
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foamed materials [23, 24, 34-36]. Injecting carbon dioxide has also been used in extrusion to 
blend materials such as poly(methyl methacrylate), polyethylene, and polystyrene [23, 34-
36]. Polymer foam extrusion with carbon dioxide has reduced viscosity as much as 60-90 % 
depending on the polymer [23, 24, 35-37]. Carbon dioxide is also attractive because it is two 
orders of magnitude more soluble in polymers than helium and one order of magnitude more 
soluble than nitrogen [38-40]. 
Although foams are not the desired products of GAP, the low viscosities with 
appropriate surface and interfacial tensions are desirable characteristics for GAP may permit 
processing of different, higher molecular weight materials such as polypropylene and 
polystyrene. Furthermore, carbon dioxide injection has demonstrated reduction of 
crystallization in polypropylene resins [ 40]. Even though GAP already demonstrates 
crystallinity reduction in its product materials, carbon dioxide dissolution might enhance the 
ability to further reduce crystallinity in polypropylene polymers. 
2.4 Material Characterization Techniques 
Four different materials were selected for this study, two types of polypropylene, 
grades P4-011 and P9-018, and two types of polystyrene PS207 and PS210, all courtesy of 
Huntsman Chemical Corporation. Characterization was done to determine rheological, 
thermal, crystallinity, and surface tension properties of the materials. These materials were 
compared to each other as well as the original atomized materials, two types of polyethylene, 
grades PE130 and PE520 from Hoechst Celanese Corporation. 
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2.4.1 Rheology 
The study of deformation and flow of a material is known as rheology [41, 42]. 
Rheology establishes a relationship between shear stress and shear rate, which may be done 
for different temperature and pressure ranges. To begin to understand rheology, the concept 
of viscosity must be understood. Shear viscosity (11) is the term used to describe the relation 
between shear stress ( r) and a steady shear rate (; ). Equation 2.2 demonstrates the basic 
equation of Newtonian viscosity, relating shear stress to shear rate. If the shear stress is 
linear and proportional to the shear rate so that the viscosity is constant regardless of shear 
rate, the fluid is said to be Newtonian. If the viscosity decreases with increasing shear rate it 
is said to be shear thinning. The converse, viscosity increasing as shear rate increases, is 
known as shear thickening or thixotropic. 
2.2 
Typically, polymer viscosity profiles are shear thinning, generally due to reorientation 
and disentangling of the polymeric network structure [43, 44]. Polymers have long chains 
that are usually entangled, even in a molten state. When introduced to a shear, it is common 
for these chains to align with the direction of the shear, decreasing the entanglement and 
allowing for movement between fluid layers. 
29 
Temperature strongly affects the viscosity of molten polymers. Excluding polymers 
prone to thermal crosslinking, viscosity is known to reduce as temperature is increased. The 
decrease in viscosity as temperature increases is due to changes in free volume within the 
polymer. As temperature increases, chain mobility increases and disentanglement occurs. 
Because of this, the free volume within the molten polymer increases, thus allowing for 
easier mobility between the large molecules [45]. 
Viscosity measurements are usually taken by devices called rheometers or 
viscometers. Capillary rheometers provide viscosity/shear dependence via simple pressure 
flow through an orifice, while Couette rheometers use simple shear flow between two 
concentric cylinders. Another common means of viscosity measurement involves the use of 
parallel-plate or cone-and-plate rheometers. Rheological measurements may also be made 
via extrusion dies of certain geometry, such as slit and wedge dies. Capillary, Couette, and 
. 
die methods involve a steady shear rate ( r ), while parallel-plate and cone-and-plate 
rheometers are capable of steady shear and dynamic shear testing. Additionally, both cone-
and-plate and parallel-plate rheometers can be stress or strain-controlled. Most of the 
viscosity data described in this thesis was obtained primarily from a parallel-plate, strain-
controlled rheometer. 
Figure 2.11 shows schematics of the Couette and parallel-plate viscometers, which 
were most commonly used in this work. Each device has limitations such as wall slip and 
rod climbing. Couette rheometers are limited by relatively Newtonian viscosity profiles. 
Shear thinning materials in a Couette have a tendency to rod climb, which is due to a normal 
force created when introducing a shear [42]. Parallel-plate apparatuses, unlike a Couette, 
usually have a transducer allowing a means of measuring this normal force that is largely 
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responsible for the rod climbing effect just mentioned. However, parallel-plates encounter 
problems that are unassociated to Couette rheometers, such as edge effects and material loss 
at higher shear rates. 
An understanding of how a polymer will respond under flow or other deformation 
processing conditions is useful in process design. For a better understanding of how 
rheological techniques compare to various processes, Figure 2.12 shows how melt flow index 
(MFI), dynamic rheometry (parallel-plate/cone-and-plate rheometers) and capillary 
rheometry relate to compression molding, extrusion, and injection molding in terms of shear 
rate encountered. 
Melt flow index commonly used in industry, is an ASTM standard (ASTM D 1238) 
determining polymer flow rate under a set pressure and temperature, depending on polymer. 
Dynamic rheometry encompasses a larger shear rate range with shear rates above 102 s-1, 
while capillary rheometers can reach shear rates up to 104 s-1• For the purpose of extrusion, a 
main interest in this work, capillary rheometry would be ideal for viscosity measurements; 
however, a capillary rheometer was not accessible for the measurements discussed later. 
Instead, other principles involving dynamic measurements can be applied as an alternative 
means to predict viscosity at higher shear rates. 
Dynamic rheology involves introducing a sinusoidal variation in the shear strain to a 
material, then measuring the amplitude of the resultant shear strain and the phase shift 
between the imposed and resultant shear and stress. This separates viscosity into elastic and 
loss components. Elastic components represent immediate response, much like the response 
of force on a spring. Loss components represent a more viscous component that does not 
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Figure 2.11. General schematics of Couette and parallel-plate viscometers. 
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Figure 2.12. Comparison of rheological measurement as they apply to polymer technology [46]. 
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respond immediately and ultimately dampens the force exerted, as is seen in a dashpot. 
Materials are said to have a linearly viscoelastic regime if the stress is linearly proportional to 
the imposed strain [43]. 
Material testing with a dynamic strain-controlled rheometer consisted of three 
separate tests. Initially dynamic strain sweeps at a constant frequency were performed to 
determine if the materials would demonstrate linear viscoelasticity within particular strain 
regions. Next, dynamic frequency sweeps within the linear viscoelastic regions were 
performed, measuring dynamic or complex viscosity ( 11 *) within the linear viscoelastic 
region. Finally, steady rate sweeps are performed to provide the steady shear response of the 
material. The complex viscosity has two components: the real (elastic) component from the 
directly responsive material property, and the imaginary (loss) component from the damping 
property. These viscosities are defined by frequency (co), peak stress ( cr0 ) , and peak strain 
(y0 ) with the relationships shown in Table 2.3. 
Table 2.3. Dynamic rheometry relationships for complex, elastic, and storage viscosities [13] . 
* 
Complex Viscosity Tl ri'-irt" 
Elastic Viscosity 
Storage Viscosity a rt"= - 0-cos(8) 
roy o 
Variables: cr0 = peak stress; y0 = peak strain; ro = frequency; B •=phase lag 
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If the polymeric fluid shows linear viscoelasticity over a particular strain region, there 
is a possibility the Cox-Merz rule may be applied. The Cox-Merz rule, shown in Equation 
2.3, states that complex viscosity ( 11 *) and steady shear viscosity ( 11) are equal when the 
frequency and shear rate have the same value [42]. Using that principle with a polymer 
showing linear viscoelasticity, dynamic frequency sweeps can be taken as steady shear data. 
2.3 
One way of data extrapolation to estimate higher shear rates involving dynamic 
frequency sweep data is time-temperature superposition (TTS). TTS is based on a material 
principle that polymers respond at increased temperature ranges the same as if the polymer 
were tested over long time durations. This principle applies to several properties, including 
viscosity, and correlates data by a temperature-dependent shift factor (aT)- The shift factor 
dependence on temperature can be given by the Williams-Landel-Ferry relationship shown in 
Equation 2.4, where C1 and C2 are constants, T is a sample temperature and Tr is a reference 
temperature [13, 42]. Using the shift factor, viscosity data at various temperatures can be 
used to create a master curve, expanding data to broader shear rates than initially introduced 
during experimentation for the reference temperature Tr. Once a master curve is created, 
empirical rheological models, shown in Table 2.4, can be applied to make an extrapolation 
and predict the rheological phenomenon at higher shear rates. This is done using variables 
such as the zero shear viscosity (the viscosity value of a Newtonian plateau as shear rate 
35 
approaches zero) or consistency (in the case of the Power Law), frequency ( c.o ), and other 
constant fit parameters. 
Table 2.4. Empirical rheological model equations used to model ITS master curves[42] . 
Equation Name 
Carreau Model 
Cross Model 
Ellis Model 
Power Law 
11 * = complex viscosity 
11 0 = zero shear viscosity 
co = frequency (rad/s) 
c1, c2, c3 = empirical model fit parameters 
m = consistency 
n = Power Law index 
11 
Equation 
I + C 1 ( C 2 0)) C3 
* 
Tl Tlo 
* Tlo 
Tl* = mron-1 
2.4 
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2.4.2 Thermal Analysis 
Thermal analysis is a useful tool in understanding the thermal properties of the 
polymer materials and how they are related to the atomization process. Thermal gravimetric 
analysis (TGA) and differential scanning calorimetery (DSC) are the primary techniques 
chosen for the materials of interest. Understanding the temperature at which the polymer 
degrades aids in determining an operating temperature window for experimentation, which is 
accomplished via TGA. Other thermal properties such as enthalpy of fusion and specific 
heat can be obtained using DSC, and than related to polymer crystallinity. 
Typical TGA experimentation involves the acquisition of thermal degradation data. 
A general degradation experiment consists of acquiring a sample weight, then allowing the 
device to perform a predetermined temperature profile while measuring mass loss. Once 
completed, the initial degradation temperatures were found and isothermal degradation 
values versus time were compared. Initial degradation temperature (for these purposes) is the 
temperature where the polymer begins to loose weight. This type of experimentation not 
only can determine an initial degradation temperature, but can also determine isothermal, 
time-based degradation. Some polymers do not degrade initially at given temperatures, but 
gradually will degrade if kept isothermal over time. This time-based degradation cannot be 
determined by temperature scans; therefore isothermal TGA measurements are made over a 
set time duration. Such information is a precautionary measure used to determine an 
operating temperature window in the case of crucible-based operations. 
Differential scanning calorimetry (DSC) is a testing method measuring differential 
energy flow. It compares the amounts of power required to keep a sample at the same 
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temperature as a reference. This test can acquire information such as melt temperature (Tm), 
melt crystallization temperature (T x), glass transition temperature (T 8), specific heat ( Cp), 
enthalpy of fusion (Af-lfus) and crystallinity. Acquisition of DSC data is based on 
thermodynamic principles involved in how Gibbs free energy (G) relates to phase transitions. 
A Tm is a first-order transition while a T 8 is a second-order transition. These transitions are 
defined as discontinuities in the first and second derivatives of the Gibbs free energy 
respectively [13]. Gibbs free energy in differential form is Equation 2.5, where S is entropy, 
V is volume and p is pressure. 
dG = -Sdf + Vdp 2.5 
Taking the derivative of Gibbs free energy with respect to pressure at constant temperature 
yields Equation 2.6: 
(8GJ = V BT T 2.6 
This indicates that the first-order transition (Tm) is seen by discontinuity in volume. A 
second derivate of the free energy with respect to temperature at constant pressure gives 
Equation 2.7: 
-(82GJ = (dSJ = Cp 
8T 2 T df T 
2.7 
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Thus showing a second-order transition (T g) has discontinuity in the specific heat. 
The Pyris 1 DSC device was used in all DSC measurements. Like all DSC devices, it 
consisted of heaters, temperature sensors, and two sample chambers, all of which are set 
inside a heat sink. One sample chamber holds the sample, while the other consists of the 
reference. Samples are contained within a sealed aluminum sample pan, the same pans that 
are sealed empty to represent a reference sample. Heaters are controlled by Perkin-Elmer 
Pyris software to perform heating ramps and cools, utilizing either an ice or liquid nitrogen 
bath in the heat sink for controlled heating and cooling through different temperature 
regimes. The software records sample temperature and the power difference required to keep 
both samples at the same temperature. 
Both T g and Tm can be determined by discontinuities in the heat flow versus 
temperature curve acquired in the DSC runs, although it is more difficult to determine the 
second-order transition (Tg) than the first-order transition (Tm). Specific heat (Cp) may be 
obtained from the heat flow rate via calibration with a compound of a known specific heat at 
varying temperatures. Enthalpy of fusion (Aflfus) is calculated by measuring the area below 
the melt endotherm. In the case of crystallinity of semicrystalline polymers, knowing the 
heat of fusion value of given polymer (Aflfus) and value and the polymer at 100% 
crystallinity (Afl10o¾) the fractional crystallinity ( </>) can be calculated by the ratio of the two, 
shown in Equation 2.8. 
</> = Aflfus 
Afl100% 
2.8 
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2.4.3 Surface Tension 
Surface tension plays an important role of the droplet formation in the atomization 
process. Techniques such as pendant drop, sessile bubble, rotating bubble, and Wilhelmy 
plate method are used to measure surface and interfacial tensions of polymers [ 4 7-51]. 
However, many of these methods involve specialized sensory equipment or optical 
equipment capable of high capture rates allowing a means of length and angular 
measurements from images taken. Such measurements were unachievable in this research 
group until the recent acquisition of video equipment and software with aforementioned 
capabilities. 
The pendant drop test, which utilizes a profile of a pendant drop at hydrodynamic and 
interfacial equilibrium, was used to measure polymer surface tensions. A pendant drop 
profile at equilibrium is represented in Figure 2.13, which depicts drop measurements of 
importance. Equatorial diameter, denoted as de, represents the diameter at the largest portion 
of the drop. Measuring up from the drop vertex a distance equal to the equatorial diameter 
shows the location of another important drop diameter used in calculations, designated as ds, 
Values for surface tension based on pendant drop method measurements are calculated via 
the shape factor is defined by S = dsf de, which is used in a numerical solution to a differential 
equation, achieving H. Solutions for S versus 1/H values have been calculated and are 
available in table format [47, 48, 50]. 
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Figure 2.13. Pendant drop profile showing equatorial (de) and shape factor diameter (<ls). 
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Even though the pendant drop method is one of the simplest, some complications may 
anse in sampling due to the relatively crude sampling system. Difficulty is usually 
encountered when determining droplet equilibrium depending on the viscosity of the 
material. Some samples take seconds, while others may take hours depending on the 
flowability of the material. Drop equilibrium usually is considered attained when the drop 
profile, both de and ds, ceases to change with time [50]. An additional point of difficulty may 
arise relating to the assumption of the polymer melt density for this test. Melt density was 
assumed to be the solid density of the polymer, which was a uniformly applied assumption 
but gives a higher melt density value than the molten melt density. Melt density 
measurements were not available for lack of a mercury dilatometer. 
Pendant drop testing was achieved using a process outlined in Figure 2.14. 
Heating the crucible, shown in Figure 2.15, to the desired temperature, then adding a solid 
material was the means of droplet creation. Optical images were obtained using a digital 
camera, which took streaming video of the drops as they formed. This method was 
implemented in order to ensure the capture of the equilibrated drop. Video editing software 
took the captured streaming video and extracted the equilibrated droplet profile as a bitmap 
image. 
After acquiring the droplet formation as a streaming video, an image software 
Computer 
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Figure 2.14. Schematic of surface tension apparatus used for pendant drop method. 
Figure 2.15. Crucible used in surface tension. 
43 
established the desired dimensions from the images. Accurate length dimensions were 
completed by establishing a reference length, photographed before every sample. Then 
equatorial diameter and shape factor diameter lengths were taken. Image examples of a 
dimensioned reference length scale and drop profile are shown in Figure 2.16. Using a 
reference length, shown in Figure 2.16 (a), the overall length of the image could be 
determined, thus creating a calibration for other images under the same setup, shown as a 
5mm line in the bottom right comer of both (a) and (b). Utilizing the established 
calibration, Figure 2.16 (b) shows both droplet dimensions around the drop as well as the 
calibration mark in the bottom right comer. 
There is a length measurement variance associated with this method of dimension 
measurement, found to be around+/- 0.05mm. The primary reason for such a variance is due 
to constraints of the image software, which lies in the resolution capabilities of images 
acquired from streaming video. Variations in temperature also occurred and were due to the 
controller keeping the non-thermally conductive polymer at a stable temperature within +/-
50C depending on material. Droplets were formed in an air atmosphere, with an effort to 
avoid degradation by sampling at temperatures within an atomization-processing temperature 
window and below an initial degradation temperature window. Since surface tension 
calculations are based on a density difference between the materials and the surrounding 
media, accurate air density values with respect to temperature and humidity were cataloged 
for reference, as shown in Table 2.5. Comparative surface tension values of materials similar 
to experimental atomization materials are shown with source references in Table 2.6. The 
table demonstrates a commonly noticed trend of surface tension reducing with increasing 
temperature [49, 51-56]. 
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Figure 2.16. (a) Dimensioned reference length image at crucible orifice. (b) Dimensioned drop of Huntsman 
polypropylene grade P4-011 . 
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Table 2.5. Air density with respect to temperature and relative humidity. 
T(°F) Pair@ 75% Relative Pair@ 50% Relative Humidity (kg/m"3) Humidity (kg/m"3) 
50 1.19 1.20 
51 1.19 1.19 
52 1.19 1.19 
53 1.18 1.19 
54 1.18 1.19 
55 1.18 1.18 
56 1.18 1.18 
57 1.17 1.18 
58 1.17 1.18 
59 1.17 1.17 
60 1.17 1.17 
61 1.16 1.17 
62 1.16 1.17 
63 1.16 1.16 
64 1.15 1.16 
65 1.15 1.16 
66 1.15 1.15 
67 1.15 1.15 
68 1.14 1.15 
69 1.14 1.15 
70 1.14 1.14 
71 1.13 1.14 
72 1.13 1.14 
73 1.13 1.14 
74 1.12 1.13 
75 1.12 1.13 
76 1.12 1.13 
77 1.12 1.13 
78 1.11 1.12 
79 1.11 1.12 
80 1.11 1.12 
Calculatedfor the elevation of Ames at Airport= 955ft (291.lm) 
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Table 2.6. Example surface tension values referenced. 
Material Temperature (°C) Surface Tension (mN/m) Reference 
Polyethylene, 140 28.8 [49] 
Linear 
150 28.1 [57] 
150 28.1 [51] 
150 26.4 [57] 
180 26.5 [49] 
Polypropylene 150 22.1 [51] 
165 22.5 [58] 
200 21.2 [58] 
222 20.2 [58] 
Polystyrene 150 30.8 [51] 
8Mn=9300 g/mol 
1508 31.0 [59] 1M0 =1700 g/mol 
150b 29.2 [59] 
2008 27.7 [59] 
200b 25.4 [59] 
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2.5 Modifications Combining Atomization and Extrusion Technologies 
A large portion of the time and effort involved in this research was dedicated to 
combining and troubleshooting the crucible-based gas atomization unit with an extruder 
equipped with an inlet port for gas injection (supercritical and otherwise). To do so, a 
process design need to account for all processing concerns before implementation and 
process modifications began. With a design established, process modifications began by 
attempting to consider all desired parameters needing attention before any purchasing, 
manufacturing, or structural work occurred. This part of the design process exists as an 
effort to minimize costs and maximize efficiency during implementation. The Ames 
Laboratory Engineering Services and Machine Shop designed as well as manufactured some 
parts throughout the design and implementation process. Some additional manufacturing 
work was performed by the Iowa State University Chemistry Machine Shop. 
Establishing the pertinent apparatus modification was the first step in this process 
development. Several ideas arose after initially examining the original GAP, shown earlier 
in Figure 2.1, and the newly acquired extruder. Axon Plastics Machinery AB supplied a 
model 25PSE-BX having a 25mm diameter extruder, similar to Figure 2.17 with a LID ratio 
of 35, a one-way valve for gas injection and a 90° elbow segment after the metering zone and 
before the die. 
The first priority in designing the apparatus was to design it so that both the new 
extrusion system and old crucible system could be used, each separately. Process height 
requirements were considered, since any modifications required aligning the HPGA nozzle 
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Figure 2.17. Example extruder from Axon Plastics Machinery AB. 
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and die, which discharges downwardly via the 90° elbow connected to the extruder. After 
considering the process height, facility parameters accommodating the extruder at the 
required location needed to be implemented. This involved a structure to house the extruder, 
collection zone, controls, and create workspace for process operators. Utilities also needed 
consideration, since the extruder operates off a three-phase power supply and requires 
cooling water. In designing the structure, strict considerations went into the location of the 
extruder die with respect to the HPGA nozzle, which was difficult because the die face 
needed to be perfectly flush with the nozzle insert. Later additions, such as the supercritical 
carbon dioxide pump and collection zone modifications were developed. 
As part of the height constraint already mentioned, the required height of the 
collection zone was determined. In order to determine if the entire height was needed, 
solidification experiments were completed using crucible atomization runs of PE130. Wires 
were strung diagonally across the inside of the polycarbonate (Lexan) chamber in six-inch 
increments from the HPGA nozzle. These wires acted as shelves for molten material to 
collect, but would not interfere with the processing. Qualitative results showed that molten 
material was collected on the wires for the entire chamber height, thus determining that the 
entire polycarbonate portion of the collection zone was required. To accommodate the height 
and structural requirements, a design solution was based on connecting two adjustable pallet 
rack frames, shelved with corrugated aluminum panels in a manner allowing room for the 
collection zone. This pallet rack frame placed the extruder at the appropriate height and 
created a lower mezzanine for the control panel and walkway. The polycarbonate section of 
the collection zone remained intact and was suspended by two 1-½ in. x 3 in. extruded 
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aluminum bars cut to span the pallet shelving frame. Suspending the collection zone allows 
readjustments of the collection zone if it is ever misaligned with the extruder die. 
After establishing a frame structure, development began on a system allowing 
separate use of both the crucible and extruder systems. A linear displacement system 
allowed removal of the extruder from the area needed by the crucible. This mechanism was 
completed by designing and manufacturing a sliding base for the extruder. The extruder was 
mounted to a 3/8 in. thick aluminum base plate, which was subsequently mounted to an 
upper frame made of 1 ½ in. square extruded aluminum bars cut to length and containing 
roller-balls counter sunk into the bottom of the frame. A lower frame was constructed of the 
same extruded aluminum bars and acted as rail tracks for the roller balls, allowing the 
extruder enough linear motion to create the area necessary for the crucible system. This 
lower frame, containing rail guides to stop the upper frame from derailing, was mounted to 
the corrugated aluminum shelving for stability. The Ames Lab design drawing of the 
assembled sliding base is shown in Figure 2.18. Once designed and manufactured, the 
sliding base was placed atop the established frame, at which point the extruder was coupled 
to the new structure. The final step was to manufacture a die so the molten extruded material 
flowed in the appropriate location with respect to HPGA jets, as is shown in Figure 2.2. 
Die design was a complicated matter because of temperature and pressure 
considerations. Pour tubes from the crucible system were known to plug because of the 
temperature gradient involved in passing through the pour tube. A certain amount of 
superheating of the pour tube is required to maintain a pour tube temperature high enough to 
allow flow during a run. Without superheating, polymer material would solidify inside the 
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Figure 2.18. Engineering design drawing of sliding extruder base courtesy of Ames Lab. 
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tube. This problem placed a limitation on the crucible system since the initial degradation 
temperature of the polymer created a temperature ceiling, limiting the operating temperature 
and ultimately the amount of superheat for the thermally non-conductive, stainless steel pour 
tube. Keeping this information in mind, die design parameters included attaching the die to 
the extruder elbow, fitting the die inside the HPGA insert, and preventing material 
solidification from plugging inside the die. 
The largest part of die design was attachment because the original die from Axon 
Plastics Machinery AB would not fit inside the atomization nozzle. A die needed to be 
mounted to the threaded elbow from the top because the HPGA mounting plate did not allow 
for enough room for tools below. Ultimately the die consisted of a three-piece, flanged 
assembly. A top flange collar piece threads to the existing extruder elbow, while a bottom 
flange plate holds the pressure transducer, control thermocouple, and threaded die tube. The 
flange plate is tightened into place by bolts from the top of the flange collar. Threading the 
die tube to the flange plate allows a degree of interchangeability, in order to use different dies 
with varying diameters. All pieces were machined in brass because of its high thermal 
conductivity and ease of machining. Using brass lowered the amount of superheat needed 
and reduced machining labor cost. The bottom flange component and threaded die are 
shown in Figure 2.19. Five different capillary dies were machined for experimentation with 
die lengths of 0.1 in. and diameters as follows: 1) 0.018in.; 2) 0.030in.; 3) 0.060in.; 4) 
0.125in.; 5) 0.1875in. 
Once a die was put into place, it was realized that the tolerances required to align the 
die were more difficult to meet than expected. The HPGA nozzle insert and the end of the die 
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Figure 2.19: Bottom flange plate and 0.1875inch diameter, 0.1inch die length, threaded die, both brass. 
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needed to be as flush as possible, requiring a fine tolerance. This was a difficult with the 
initial machined part due to the brass material, which has a high thermal conductivity and 
high thermal expansion coefficient. In order to machine parts to fit exactly, every 
temperature and dimension would need to have a different die, an option that was deemed to 
be too costly. Instead of this, a method for relocating the position of the HPGA nozzle was 
the chosen course of action. By ensuring die tube extend slightly past the insert, the nozzle 
was lowered for the proper alignment of the die tube and nozzle insert. 
After configuring the die position, a supercritical pump was purchased to transfer 
carbon dioxide at a metered rate to extruder in a supercritical state. This desired pump 
needed to meet two criteria; exceed a pressure of 73 atm (7.4 MPa), the supercritical pressure 
of carbon dioxide, and supply the extruder with the appropriate mass flow of carbon dioxide. 
In order to determine the mass requirements of the pump, a series of mass experiments were 
run with the extruder to gain an understanding of polymer mass versus screw rpm. Knowing 
the mass versus screw rpm is useful because it provides a mass reference that can be used to 
calculate required mass flow rate of injected fluids. In addition, the mass versus screw rpm 
provides a scale reference for polymers of different density. Polymer mass flow rates of 
other materials can be calculated using a density ratio because the volumetric flow is constant 
for a fixed screw rate. The extruder was run at varying screw rates and mass samples were 
acquired over one minute. The result is a mass versus screw rate graph shown in Figure 2.20 
(with the pressure portion of the data obtained shown in Appendix A). A good linear 
proportionality agreement for mass flow rate versus screw rpm is evident in Figure 2.20, 
which is suggested from the die flow equation shown earlier in Table 2.2. This linearity is 
55 
250 -------------------------
200 
-C 
·- 150 E -.. 
CJ -3 100 0 
ii: 
tn 
ti) 
cu 
:E 
50 
0 
y = 0.77x - 3.08 
R = 0.9988 ~0---------..---..... ---..--..... -,.----.---...... 
0 50 100 150 200 250 300 
Screw RPM 
Figure 2.20. Mass flow versus screw rate in rpm for Huntsman polypropylene grade P4-011. 
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independent of die dimension because die dimension will only affect the overall melt 
pressure, not the flow rate. Changing the extruder screw is the only modification that would 
alter the volumetric flow thus changing the mass flow. 
Gas-assisted extrusion generally involves a syringe pump for the injection 
application, however a syringe pump is a single piston pump with a limited reservoir for 
fluid. Because of this limited fluid reserve, a syringe pump will eventually discharge and 
create discontinuity of injection gas as well as a recovery time. To avoid such discontinuity 
in injection gas, a reciprocating dual-piston supercritical pump model P-50 from Thar Design 
was acquired to meet the mass flow requirements and other specifications. The required 
mass flow rate of carbon dioxide was based on 20 weight percent of the maximum mass flow 
of 200g/min polymer flow, which equates to a maximum of 50g/min carbon dioxide flow 
rate. Desired pressure ranges are from 1000-4000psi (69-276 bar), which would keep 
carbon dioxide in the supercritical regime. The P-50 supercritical fluid pump met all 
requirements, having a capability of controlled mass flow up to 50g/min up to a pressure of 
1 0,000psi ( 690 bar). If higher weight percents were desired, lower mass flow rates would be 
needed. Once the pump was acquired, a porous snubber was placed in the line between the 
pump and extruder and then connected to the one-way valve on the extruder. The snubber 
acts as a filter, reducing the pressure fluctuations in the line, and as a metering device by 
creating a backpressure of the supercritical fluid, and the one-way valve prevents polymer 
from entering the carbon dioxide line. 
The final process modification occurred after some initial experiments were 
performed. It was found that while the extruder equilibrated, discharge was fouling the 
collection hopper for sample acquisition. To rectify the problem, a hatch was placed on the 
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lower portion of the polycarbonate portion of the collection zone, which gave access to a 
removable collection tray directly above the collection hopper. By collecting molten 
polymer as the system comes to equilibrium, sample masses could be collected without being 
tainted or melted by residual molten polymer in the hopper. 
Even though several modifications were made to the GAP system to attach the gas-
assisted extruder, the process can still be run as a crucible-based process. To do so, the die is 
unbolted from the flange collar and removed, thus allowing the extruder to be slid away via 
the base. Once the extruder is aside, the original components can be arranged as before and 
mounted in place. 
3. Experimental 
Atomization experimentation was completed with different polypropylene and 
polystyrene materials from Huntsman Chemical Corporation. Huntsman polypropylene 
grades P4-011 and P9-018 were selected because of the flow properties. The difference 
between these materials is primarily in the melt flow indices (MFI), with P4-011 having a 
nominal MFI around 10 g/lOmin and P9-018 an order of magnitude higher with a nominal 
MFI around 110 g/1 0min. Polystyrene materials were of secondary importance in 
comparison to the polypropylene, however characterization work was completed using 
Huntsman polystyrene grades (PS210 and PS207) both with MFI values around 40 g/1 0min. 
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3.1 Apparatus and Components 
The modified GAP, shown in Figure 3.1, consists of three zones: heating, atomization 
and collection zones. An experimental apparatus schematic is shown in Figure 3 .2. After 
modifications, the new heating zone is a 25mm diameter, gas-assisted extruder from Axon 
Plastics Machinery AB of Sweden containing seven separate heating sections along the 
extruder barrel. This extruder has a metering screw feed system, a one-way valve for 
injecting supercritical carbon dioxide and an electronic control panel controlling temperature 
profiles, meter screw and extruder screw. Connected to the one-way valve is a stainless steel 
porous snubber followed by the carbon dioxide line from the computer controlled 
supercritical fluid pump model P-50 from Thar Design, which is fed by a 50 lb. liquid carbon 
dioxide tank with siphon tube. Few changes were made in the collection zone, with the 
exception of previously mentioned alignment adjustments and the hatch system. The HPGA 
nozzle is still controlled by a pneumatic valve and supplied by a 6000psi nitrogen cylinder, 
however the newly fashioned die replaces the previous pour tube inside the nozzle insert. 
The collection zone still consists of all the components below the atomization zone, such as 
the modified polycarbonate container and collection hopper. As before, the collection 
container has a baffle with a 4-inch vent coming out of the non-sample side for gas relief. 
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Figure 3.1. Finalized polymer gas atomization process, utilizing gas assisted extrusion. 
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Figure 3.2. Schematic of GAP after gas-assisted extrusion modifications. 
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3.2 Operating Procedure 
A statistical approach was taken in addressing process variables. Temperature, 
carbon dioxide content and mass flow rate were deemed the most pertinent variables based 
on preliminary work. Previously atomized materials were most favorable when run at 
temperatures close to the initial degradation temperature [6]. Additionally, the pour tube 
diameter had a direct relation to mass flow rates, while atomization pressure was used to 
control the optimal particle size distribution [6]. Table 3.1 shows an example of the 
statistical data set of variables. 
Table 3.1. Statistical data set of variables for polypropylene materials. 
Run# Temp(°C) Screw RPM CO2 wt% 
1 230 100 10 
2 300 100 1 
3 230 250 1 
4 230 100 1 
5 230 250 10 
6 300 250 1 
7 300 100 10 
8 300 250 10 
9 260 175 5 
10 260 175 5 
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· Extruder preparations needed to be made before every experiment to ensure safe and 
effective usage from the extrusion system. The first step involved heating the extruder to the 
desired temperature. Table 3.2 shows example temperature profiles used for statistical 
experimentation with the designated polypropylene materials 
Table 3.2. Statistical temperature profiles for low, medium, and high temperature variables. 
Temp. 
Profile ZONE 1 ZONE2 ZONE3 ZONE4 ZONE5 ZONE6 ZONE7 
(OC) 
LOW 170 190 210 220 220 220 230 
MEDIUM 170 190 210 230 240 250 260 
HIGH 170 190 210 230 250 270 300 
Once temperature equilibrium was achieved, melt flow equilibrium was accomplished 
by running the extruder until the melt pressure stabilized within +/- 1 bar. Screw speeds 
ranged from 100-250 rpm, depending on what screw rate achieved a barrel pressure capable 
of dissolving the supercritical carbon dioxide. The melt flow equilibration was a gradual 
process that began by operating the extruder at low screw rate, and then gradually 
incrementing the screw rpm to the desired rate, with all melt equilibration discharge collected 
in the collection tray. 
After equilibrating the melt flow, carbon dioxide gas was injected and allowed to 
achieve equilibrium. Carbon dioxide experiments were performed in two parts. Initial 
experiments were completed without the assistance of a supercritical fluid pump. This was 
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done via a regular carbon dioxide gas cylinder run at a series of pressures. Screw rates, gas 
pressure, melt temperature, and die diameter were varied in an effort to study the effects of 
these parameters. This established the appropriate feasible die size ( usually 0 .060in. or 
larger) and established a qualitative definition of single-phased polymer/carbon dioxide flow. 
For this studies purpose, single-phase flow was achieved when the melt pressure was above 
the vapor pressure of carbon dioxide (56 bar). In addition, material in a single-phase flow 
was a homogeneous, continuous stream without the ligament breaking associated with gas 
discharge. A two-phased flow intermittently sent a stream of a polymer/gas solution 
followed by a stream of carbon dioxide gas. Work has been done that shows that a melt 
pressure greater than the critical pressure of the injected fluid is required for single-phase 
flow with supercritical fluids [60]. 
As gas injection began with the supercritical fluid pump, carbon dioxide mass flow 
rates were varied from 1-10 weight percent of the entire flow, which was gauged and 
controlled by the supercritical fluid pump calibrated by Thar Design. Setting the pump to the 
desired flow rate also assisted in reducing carbon dioxide fluctuation with pressure variance 
inside the extruder, since pump was set to a designated flow rate and not a pressure 
requirement. Once again, an equilibration period was required to assure an equilibrated 
system and the discharge was collected in the collection tray during equilibration. 
Atomization pressure was set at the optimal pressure from the previous work 
( 1 000psi). Preliminary work done using a carbon dioxide gas cylinder suggested atomization 
pressure did not have as great an effect as expected. Additionally, using one atomization 
pressure reduces the number of experimental variables. Discharge material was collected in 
the collection tray during extruder equilibration up until the moment of atomization, then 
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atomization gas was introduced for a 10 second duration. After 10-seconds of spraying with 
the high-pressure nitrogen, both the extruder and atomization gas were stopped 
simultaneously and the collection tray was immediately replaced to avoid contamination of 
the collected sample by un-atomized residual molten polymer from the extruder. Product 
characterization was performed in two categories, the physical attributes of the product and 
the percent crystallinity. Physical attributes of the product, such as shape, were determined 
through optical microscopy. Crystallinity was determined via the use of DSC experiments 
and Equation 2.8. 
4. Results 
4.1 Thermal Gravimetric Analysis 
As previously found, TGA degradation measurements varied between the nitrogen 
and air atmospheres [4]. In general, a nitrogen atmosphere allowed the polymer to reach 
higher degradation temperatures than in an air environment. This is a common occurrence 
due to oxygen in the air atmosphere acting as a degradation catalyst, oxidizing the material in 
the furnace. The two polypropylenes studied (i.e. grades P4-011 and P9-018) were found to 
have initial degradation temperatures ranging 330-390°C in air and 425-441 °C in a nitrogen 
atmosphere. Polystyrene was found to have degradation temperatures ranging 350-421 °C in 
air and 415-440 °C in nitrogen atmosphere, as is seen in Table 4.1. 
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Since polymers can degrade over time durations at a constant temperature lower than 
the previously defined initial degradation temperature, a series of isothermal half hour time at 
various temperatures were run in both nitrogen and air atmospheres. The nitrogen 
atmosphere runs had less than 1 % weight loss up to 260°C, but the air atmosphere runs 
showed significant degradation around 250°C, as can be seen in Figure 4.1. 
Table 4.1. Degradation onset values in both air and nitrogen atmospheres. 
AIR INITIAL N2INITIAL 
MATERIAL DEGRADATION DEGRADATION 
TEMPERATURE (°C) TEMPERATURE (°C) 
P9-018 331 425 
P4-011 389 441 
PS210 415 441 
PS207F 351 413 
These experiments were the basis for selecting optimal processing temperatures for 
the GAP. Because major degradation was not seen in the polypropylenes or polystyrenes 
until near 330°C, a maximum melt temperature of 300°C was selected as a feasible operating 
temperature for the extrusion process. However, this operating temperature would not be 
adequate for any attempts at crucible-based operations due to the extended time period the 
polymer is at temperature as seen in Figure 4.1. 
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Figure 4.1. TGA time sweeps for a half hour of P9-018 at the temperatures shown in air. 
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4.2 Differential Scanning Calorimetry 
DSC experiments were performed on both the final products and the raw pellet 
materials. Raw pellet testing consisted of heat capacity (Cp) and enthalpy of fusion 
measurements (Aflfus) for only the polypropylene materials. Since polystyrene is an 
amorphous material, it does not have a melt peak or Aflfus associated with a DSC scan, so 
only specific heat will be discussed. 
In order to compare crystallinity of the as received polypropylene pellets and product 
samples, DSC runs were taken of the as received pellets of P9-018 and P4-011. Acquiring 
the Aflfus values allowed for crystallinity calculations using Equation 2.8 discussed in section 
2.4.2. Table 4.2 shows the comparison of percent crystallinity using the enthalpy of fusion 
ratio. 
Table 4.2. Comparison of crystallinity of the polypropylene materials. 
Material 
P9-018 
P4-011 
100% Crystalline 
Isotactic 
Polypropylene 
(Values from [61]) 
Melt Temp. 
(OC) 
167 
168 
186 
Melt 
Crystallization Aflrus (J/g) 
Temp. (°C) 
115 84.5 
113 78.5 
NIA 209 
Percent 
Crystallinity 
40.4% 
37.6% 
100% 
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As a means of discovering the effect of different quenching rates, the P9-018 material 
was subjected to four consecutive heating temperature sweeps from ambient temperature to 
200°C. The tests used the same sample run under consecutive heat cycles, with all heating 
rates set at l 0°C/min and cooling rates varying between each heating stage at l 0°C/min, 
20°C/min, and 30°C/min respectively. Figure 4.2 is the thermal history synopsis of DSC 
enthalpy of fusion peaks with their respective quench rates. The Llllfus values as a function of 
cooling rates of the P9-018 are shown in Table 4.3. 
The full DSC thermogram spectrum of heat flow versus temperature is shown in the 
upper left comer of Figure 4.2. Various peaks show multiple melt temperatures between 
155-l 70°C, with peaks marked via arrows specifying peak and quench rate relationship. 
Varying quench rates seem to give dual melting peaks, which is most likely due to the 
melting of different polypropylene molecular weight molecules having different crystal 
structures [62]. The data just presented will be compared with those obtained from the 
atomized polymers 
After acquiring product material, comparative differential scanning calorimetry 
measurements was performed on the original P9-018 pellet and the processed materials to 
have an idea of the effect of GAP conditions on relative crystallinity of the polypropylene 
studied. Processed materials consisted of cotton-like product, fibers, and a portion of sieved 
particles from the cotton material. Figure 4.3 shows the spectra of the as received pellet, 
cotton-like product, and fiber product DSC spectra with their respective enthalpies of fusion, 
all of which were performed under a heating and cooling rate of 10°C/min. 
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Table 4.3. Comparing enthalpy of fusion of P9-018 at various cooling rates. 
INITIAL 
10°C/min 
HEAT 
Enthalpy of 84.46 fusion (J/g) 
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Figure 4.2. DSC of P9-018 pellet under subsequent heating quenching cycles. The overall DSC spectrum in an 
arbitrary scale is shown as a sub-graph in the upper left-hand comer. 
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Crystallinity differences can be determined from the enthalpy of fusion values. 
Enthalpy of fusion for normal isotactic polypropylene at 100% crystallinity is quoted as 209 
Jig [61]. Using Equation 2.8, reference point comparisons were made between the 
experimental pellet enthalpy of fusion and the 100% crystalline reference for isotactic 
polypropylene. These data values are shown in Table 4.4 and the graphical sample data are 
shown in Figure 4.3. The pellet and fibrous material are reasonably close enough to say that 
they are the same for all practical purposes, based on pellet DSC work (not shown). 
Additional work was completed on particles that were sieved from the entrained cottony 
material. The enthalpy of fusion had a value of 54.33Jlg, which is a 35.67% reduction when 
compared to the enthalpy of fusion of the pellet (84.46 Jig) from Table 4.4. This yields 
26.0% crystallinity when compared to a 100% crystalline reference, thus showing the 
particles produced have a crystallinity reduction. 
The last subject to be dealt with regarding calorimetry is specific heat values. It was 
thought that the specific heat of a material effects atomization feasibility by allowing or 
preventing polymer solidification. Using the Pyris 1 DSC software, specific heat 
measurements were taken using data from the thermograms obtained from temperature 
sweeps, with the comparative results shown in Figure 4.4. As can be seen in the figure, both 
polypropylenes appear to have higher specific heats than the previously atomized 
polyethylene materials, which in tum have higher heat capacities than the polystyrene 
materials. However, the temperature differences between processing temperature and melt 
crystallization were higher for polypropylenes than for polyethylenes, as seen in Table 4.5 
(with polystyrene is not shown due to the lack of melt crystallization). 
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Table 4.4. Relative percentage difference between enthalpy of fusion values. 
Fibrous Cottony Particles Pellet Material Material from Cotton 
Enthalpy of Fusion 84.46 82.16 82.45 (J/g) 
Relative Crystallinity 
% 
Compared to 100.0 % 97.3% 97.6% Experimental Pellet 
Enthalpy of Fusion 
(73.32 J/2) 
Relative Crystallinity 
% Compared to 
Standard Value 40.4 % 39.3 % 39.4 % 
Enthalpy of Fusion 
(209 J/g) 
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Figure 4.3. DSC comparison of data taken at l 0°C/min heat and l 0°C/min cool for pellet, cottony, and fibrous 
products. 
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Figure 4.4. Specific heat comparison of various materials. 
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Table 4.5. Melt crystallization comparison between polypropylene and polyethylene materials studied. 
Material Melt Temp. (Tm, °C) Melt Crystallization Processing Temp. Temp. (Tc, °C) (OC) 
P4-011 168 113 230-300 
P9-018 167 115 230-300 
PE130 125 112 200 
PE520 120 101 220 
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4.3 Rheological Properties 
Initially strain sweeps were performed to determine the strain dependencies of the 
complex viscosity for all the polymeric materials. These data, shown in Appendix B in 
Figures B.1 and B.2, are obtained from a series of dynamic strain sweeps for both 
polypropylene and polystyrene at 1 radian per second under nitrogen atmosphere at different 
temperatures. The trends seen for all the polypropylene and polystyrene materials show that 
they are all linearly viscoelastic under these test conditions. 
Because some polymeric materials follow the Cox-Merz rule, discussed earlier in 
section 2.4.1, dynamic frequency sweeps at different temperatures were taken to prove or 
disprove this concept for all the materials studied, with the data seen in Appendix B as 
Figures B.3 and B.4. These dynamic frequency data show that all the materials tested 
demonstrate a slight shear-thinning tendency at high frequencies and the viscosity reduces as 
temperature increases. As seen in these figures, the P4-011 material is roughly an order of 
magnitude greater than the P9-018 in complex viscosity values, while the PS207 has a higher 
complex viscosity value than PS210 at low temperatures, but becomes comparable at higher 
temperatures. The polystyrenes have comparable complex viscosity values to the P4-011 at 
low temperatures, which reduce substantially more than the P4-011 at higher temperatures. 
Figure 4.5 shows such a comparison between the dynamic frequency and steady rate sweep 
data for Huntsman polystyrene PS207F. Comparing complex viscosity from the dynamic 
frequency sweeps to steady shear viscosity shows whether the Cox-Merz rule applies, which 
appears to be valid over the low frequency and steady shear regime for these data. Other 
comparisons can be made by comparing the dynamic frequency data (Appendix B, Figures 
74 
B.3 and B.4) with the steady shear data (Appendix B, Figures B.5 and B.6). These data have 
similar agreement between the dynamic and steady data in the lower shear and frequency 
region. The steady shear data shown demonstrates deviation at higher shear rates, which is a 
common steady shear test limitation when using parallel plates due to the loss of material 
from the sample edge. 
Another comparison to the dynamic frequency data of the polymers involves capillary 
rheology performed by Huntsman Chemical. Dynamic frequency data from a strain-
controlled parallel-plate rheometer and steady shear rate data taken from a capillary 
rheometer are compared, in Figure 4.6 for P9-018. Additionally, capillary data for P4-011 
and P9-018 are compared in Figure 4.7. The trends between the dynamic data and capillary 
data have good agreement, however the differences in shear rates and viscosity values can be 
seen in Figure 4.6. Capillary data comparisons between the polypropylenes in Figure 4.7 
show similar orders of magnitude when compared to the dynamic data from Appendix B. 
Comparing these trends and values is important because extrusion involves higher shear rates 
than can be produced via a parallel-plate strain rheometer, as was previously seen in Figure 
2.12. The capillary data for both polypropylene materials are shown in Figure 4.7, which 
shows shear rates (ranging from 100-1000 s-1) commonly involved in extrusion,. These data 
differ from those seen with the dynamic frequency data shown in Appendix B. 
Because of this difference, empirical modeling was completed in conjunction with a 
time-temperature superposition master curve. Using the dynamic frequency sweep data from 
Appendix Band Equation 2.4, shift factors were determined and master curves were created 
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at a reference temperature of 230°C for all materials (shown respectively in Appendix B in 
Table B.1 and Figure B.7). Using the empirical models, comparisons were made between the 
capillary data and the model predictions for both P4-011 and P9-018. Figure 4.8 compares 
the model predictions and capillary data for P4-011, while Figure 4.9 makes the same 
comparison for P9-018. The P4-011 material showed good agreement between different 
models and experimental data for the shear rate region of interest in extrusion, from 100-
1000 s-1• However, the Carreau, Cross, and Ellis models make better approximations relative 
to the Power Law especially in the shear thinning region. This is expected since all the 
models except the Power Law describe a material with a Newtonian region leading to a shear 
thinning section, as was seen for all the polymers studied. The Power Law model is 
generally used as a linear description of the shear-thinning region. Model predictions for the 
P9-018 material did not show as good agreement as was seen with the P4-011. A 
contributing factor to this last observation just mentioned is the difference between the zero 
shear viscosities of the dynamic frequency data and the capillary data seen in Figure 4.6. In 
addition, the relative fit error for the P9-018 master curve is substantially higher than that for 
the P4-011 master curve. The polystyrene materials have good agreement, similar to P4-011, 
with the models that depict a Newtonian plateau transitioning to a shear-thinning region (i.e. 
Carreau, Cross, and Ellis models). Depending on the model, excluding the Power Law, 
viscosity predictions for PS207 gave values ranging between 300-60 Pa-s for shear rates 
ranging 100-l000s-1, respectively, while PS210 had viscosity values ranging between 200-50 
Pa-s for the same respective shear rates. These viscosity ranges seem reasonable when 
compared to the dynamic frequency data obtained from both polystyrene master curves at 
230°c. 
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4.4 Surface Tension 
Surface tension values were calculated using the dimensional analysis techniques 
discussed earlier in section 2.4.3. A synopsis of data is shown in Figure 4.10 with all average 
surface tension values shown in Table 4.6. It can be seen in the figure that the polyethylenes, 
which were the previously atomized materials, have a slightly higher surface tension than the 
polystyrenes. The polystyrenes in turn have a slightly higher surface tension than the 
polypropylenes. As a point of comparison, water has a surface tension more than double all 
polymer values stated at 72.8mN/m [48]. Error bars are shown graphically in the figure and 
are largely due to the accuracy of data collection and processing. There are constraints of the 
digital equipment used as well as the resolution of the software. Additionally, the open-air 
apparatus is relatively crude optically compared to other commercial surface tension 
instruments. Surface tension is also partially time based, so if droplet images are not taken at 
the same point in development, surface tension values can vary. 
Overall, experimental surface tension values showed good agreement between the 
experimental data sets, with less than 10% standard deviation. Using higher precision optical 
equipment and a more elaborate setup, measurements can be as accurate as +/-0.5% [50]. 
Experimental values obtained in this work are consistent with reported data, shown earlier in 
Table 2.6. Experimental polystyrene data was taken at temperatures greater than prior work, 
but comparisons to extrapolated values are possible. Therefore, meaningful comparisons of 
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Table 4.6. Average surface Tension values per temperature 
Material Temperature (°C) Average Surface Standard Tension (mN/m) Deviation (mN/m) 
P4-011 215 23.3 2.4 
P9-018 215 24.3 2.6 
PS210 240 28.7 2.0 
PS207 240 26.0 1.9 
PE130 190 32.2 2.6 
PE520 190 32.9 1.7 
PE520 200 30.8 2.6 
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Figure 4.10. Surface tension value comparison with error bars of various polymers at different temperatures. 
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polystyrene data with previous reported data could not be made. These data show that the 
previously atomized polyethylene materials have higher surface tension values than either 
polypropylene materials or polystyrene materials. Not enough data are available to define 
surface tension requirements for atomization; however, a comparison of surface tension 
values would suggest values closer to that of the polyethylenes or greater are more favorable 
in forming spherical microbeads. 
4.5 Atomization 
There were two stages of atomization experimentation: before and after supercritical 
pump installation. Initial die testing occurred before supercritical pump installation. At that 
time, carbon dioxide gas injection was based on 400-800psi injection pressures from a 
standard, fifty-pound carbon dioxide cylinder. These pressure parameters for gas injection 
did not provide a specific weight percentage as related to polymer melt mass flow nor did it 
provide a single-phased flow. Post pump installation allowed for higher injection pressures 
and better gas flow control by pumping liquid carbon dioxide into the extruder. The specific 
weight percent of carbon dioxide of the total melt flow was manageable with an injection 
system capable of adjusting for pressure fluctuations within the extruder barrel. The barrel 
pressures needed to be controlled to allow the gas to enter the extruder regardless of the 
injection system used. Key variables of interest with these tests involved die size, melt 
temperature, carbon dioxide quantity and atomization pressure. 
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Initial testing using the carbon dioxide gas cylinder allowed some process 
optimization of the die size. Varying the injection pressure of carbon dioxide between 400-
800psi, die diameters were tested to see what gave the most favorable results. The smallest 
die, 0.018 in. diameter, demonstrated some spray ability with just injection gas but showed 
no enhancement with the use of atomization gas. However, this die encountered several 
difficulties with plugging and the spraying did not lead to particles. Larger dies, 0.125 in. 
and 0.188 in. diameters, seemed to have a similar spray effect with the carbon dioxide 
injection that was enhanced slightly with atomization gas. The 0.030 in. die gave a fibrous 
spray (similar to cotton in appearance) with mostly arbitrary shaped and some spherical 
particles entrained within the fibrous web. However, as with the 0.018 in. die, plugging 
commonly occurred with the 0.030 in. die and the die eventually failed under pressure. A 
0.060 in diameter was found to have similar results as the 0.030 in. die, but seemed to avoid 
plugging. 
Temperature testing also accompanied the 400-800psi injection pressure experiments. 
Melt temperature and extruder barrel temperature profiles were important in terms of 
viscosity reduction of the polymer melt and quenching the material into solid products. 
Initially linear temperature profiles were attempted before trying nonlinear options. 
Operating the extruder at high temperatures ranging from 350°C-400°C did yield apparent 
melt thinning as evident by melt flow breakup and significant ligament length reduction. 
Ligaments are the fluid geometric shapes seen after sheeting and before droplet formation in 
spraying. A sprayed fluid will form a sheet, ligament, and then droplet in the spray process 
[63]. The molten polymer stream would break into very large ligaments at higher points in 
the collection chamber with increasing temperatures. However, high temperature melts 
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created a large temperature gradient that could not be quenched. Nonlinear temperature 
profiles were experimented with the temperature after the elbow flange reduced to values 
between 170°C-200°C. These reduced temperatures were found to create plugging 
difficulties not encountered at higher temperatures. Ultimately a temperature ceiling of 
300°C was determined, giving the lowest quenchable viscosity that allowed solidification. 
Carbon dioxide injection gas pressures were varied from 400-800psi while 
atomization gas pressures were varied above or below lO00psi (the optimal pressure from 
previously atomized materials [8]). The injected carbon dioxide at higher injection pressures 
led to a noticeable thinning of the molten material based on the height of ligament breaking 
in the collection zone. Processed material remained in two phases regardless of extruder 
injection pressure, but had the most noticeable viscosity reduction effect at 800psi under the 
gas cylinder tests. Temperature and flow parameters adjusted as needed per die size and 
injection pressure to create an appropriate barrel pressure profile allowing gas flow during 
injection extrusion. Varying atomization gas pressure did not appear to influence quenching 
of the material. Material was converted into fibers using solely atomization gas with the 
optimal die diameter of 0.060 in. Adding the injected carbon dioxide gave a fibrous web-like 
material similar to cotton in appearance as shown in Figure 4.11. 
The pump addition was expected to be useful in providing a single phased 
polymer/carbon dioxide flow, which was proved extremely difficult to achieve. Previous 
work explicitly states the necessity of a melt pressure at the die to be well above the carbon 
dioxide critical pressure [60]. Achieving the necessary pressure is both material and extruder 
parameter specific. The polymer MFI can be used as an industrial indicator of what kind of 
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Figure 4.11. Fibrous webbing with entrained particles (left) and fibrous product (right) 
screw compression ratio is required. A general guide used is a direct proportionality, 
meaning a low MFI requires a low compression ratio and a high MFI needs a high 
compression ratio. An easier alternative is to change die size since it is inversely 
proportional to melt pressure. A decrease in die size will increase pressure but there are 
limitations to decreasing the die size if solidification and plugging occurs. Since the die size 
is the most readily accessible parameter, experimentation to optimize the die size was 
performed. 
After the supercritical pump installation, carbon dioxide injection became based on 
weight percentage of total flow because the pump was designed to control flow, pressure and 
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rpm. Experiments were performed using the statistical variables of 1-10 weight percent 
carbon dioxide of the total mass flow, varying melt temperatures and polymer mass flow 
rates variables as was mentioned in section 3.2. An experimental design of experiments was 
setup and run to determine the shapes and types of products produced at each set of 
parameters. Great difficulty was encountered using the polypropylene P9-018 in trying to 
achieve single-phased flow. Because of this difficulty, products with this feed material were 
similar to the products created using 400-800 psi injection pressure from a cylinder. Single-
phased flow was barely achievable with the P4-011 polypropylene. The products of this 
polymer were similar to initial experiments being foam-like chunks, fibrous webbing, or 
particles. 
Collected particles were weighed and compared to the weight sample collected in the 
hopper. These samples were a small percent of the total material flow processed (less than 
10% ), with the material loss due to molten material spraying and collecting on the walls of 
the collection zone. Particle size analysis was completed by sieving and microscopic 
analysis. Sieving below a diameter of 295 microns was a means of comparing size 
distribution through weight percentages and optical microscopic analysis was used to 
determined shape orientation. Particles were collected and weighed, with weight percent 
yields between 0.05-1.4wt % of the sample collected. A three-dimensional graphical 
distribution is shown in Figure 4.12, which shows that weight distribution to increases with 
decreasing polymer flow, carbon dioxide flow, and melt temperature. Optical analysis 
showed particle shapes to be fibrous, amorphous and spherical, with an example of this 
optical analysis shown in Figure 4.13 for P4-011 under operating atomization conditions at 
300°C, 1 00rpm, and 1 wt% carbon dioxide. 
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Figure 4.12. Atomization results as a function of experimental parameters shown for P4-011 using 1-1 Owt. % 
carbon dioxide. 
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Figure 4.13. Optical micrograph taken at 5x magnification of atomized P4-011 at 300°C, 1 00rpm and 1 wt¾ 
carbon dioxide. 
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5. Discussion 
The four main goals mentioned in the introduction are discussed in relation to the 
experimental results in this section. A gas-assisted extruder was acquired and coupled to the 
existing atomization unit. The process was debugged and experiments were run facilitating 
the use of gas injection in an effort to atomize polypropylene, followed by analysis of the 
atomized products. However, the atomization portion of the project did not go as well as 
expected. There were several complications regarding failure of band heaters and 
mechanical failure of an atomization nozzle. Because of theses complications, polystyrene 
could not be atomized and more work could not be completed with polypropylene. Even 
though difficulties ensued, several useful processing conditions were found involving 
material properties that may have strong effects on the atomization phenomenon. 
5.1 Material Analysis 
Materials were characterized through rheology, thermal analysis and surface tension. 
A large portion of the project was devoted to recreating similar material properties, 
predominantly rheological, exhibited in previously processed materials via the assistance of 
supercritical fluid enhanced extrusion for polypropylene and polystyrene. Thermal analysis 
was used as a tool in feed and product analysis, while surface tension was thought to have 
strong importance in the ability of the molten fluid to form droplets that will ultimately cool 
to form desirable spherical particles. 
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Rheologically, several comparisons can be made to previously atomized materials. 
The previously atomized polyethylenes were Newtonian and had viscosity values on the 
order of magnitude of that of water (0.001 Pa*s). All of the polypropylenes and polystyrenes 
tested showed shear thinning behavior. The P4-011 grade of polypropylene had viscosity 
values on the order of 1000 Pa-s, while the P9-018 polypropylene had a value an order of 
magnitude lower at around 100 Pa-s. The polymer materials viscosity dropped roughly one 
order of magnitude as shear was introduced via the parallel-plate rheometer; placing P4-011 
and the polystyrenes several orders of magnitude greater and P9-018 a few orders of 
magnitude greater than the PE130 and PE520. Capillary data suggests that extrusion allows 
the P9-018 material to achieve a viscosity closest to the previously atomized materials, 
remaining several orders of magnitudes higher than the polyethylenes. The viscosity 
reduction achieved by the addition of gas or supercritical fluid during gas-assisted extrusion 
remains unknown. From the rheological analysis, the present experimental materials are not 
expected to be easily atomized as compared to the originally processed polyethylenes. 
Thermal analysis led to some interesting comparative results in terms of heat 
capacities and temperature gradients. Heat capacity was thought to be a large factor in 
solidification, presuming a low heat capacity would not allow enough heat transfer for 
solidification to occur. This was hypothesized as a reason why polypropylene materials did 
not atomize as well as expected. However, polypropylene heat capacities were higher than 
that of the polyethylenes, thus disproving that thought. However, another important idea was 
obtained when analyzing the thermal data. The thermal gradient between the processing 
temperature and the melt crystallization temperature was significantly different. 
Polypropylene had a substantially larger temperature gradient involved in solidification, 
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going from a processing temperature of 230°C or greater to a crystallization temperature of 
around 115°C, while the polyethylenes went from around 200°C to around 1 l 5°C for their 
processing and crystallization temperature comparison. The larger temperature gradients 
coupled with the higher viscoelasticity are thought to be responsible for the difficulties 
encountered in atomizing the materials. 
Surface tension analysis was run to compare materials and examine whether it has a 
strong role in atomization. The measurements were made at similar temperatures to 
atomization processing temperatures. Polyethylenes had the highest values (roughly half the 
value for water and around 7-10 mN/m greater than the polypropylenes), while 
polypropylenes had the lowest values. As expected, surface tension does seem to play a role 
in atomization, but how great a factor is matter for further investigation. 
5.2 Process Analysis 
Several difficulties encountered in the project revolved around system failures of one 
device or another. Most of these difficulties were unavoidable, so they will not be discussed 
in detail. But those related to processing difficulties will be discussed so that they may be 
overcome or engineered around. Large difficulty arose in the lack of ability to create a 
single-phased polymer/carbon dioxide stream. The primary reason for this difficulty was that 
the extruder did not achieve a high enough melt pressure. Melt pressures were needed to be 
above the critical pressure of 7 4 atm for the carbon dioxide to be beneficial as a supercritical 
fluid. Difficulty was encountered achieving a melt pressure above the vapor pressure of 
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carbon dioxide (56 atm) but a single phased flow was still obtainable at melt pressures 
around the vapor pressure. The maximum melt pressure ( 60 atm) achieved was with the P4-
011 material. This was adequate to obtain enhanced dissolution of injecting gas in the 
polymer fluid. Because of the pressure problems, variables affecting the extruder pressure, 
such as material, die size, and extruder screw, were also examined. 
Material viscosity will affect extrusion pressure, as inferred from the equations given 
earlier in Table 2.2. The viscosity term is inversely related to mass flow, while pressure is 
directly related to mass flow. It stands to reason that a constant die flow and a high viscosity 
will create a high pressure, counteracting the effect of the viscosity term. Experimental 
polypropylenes used have high MFI values associated with low viscosity, which is 
considered desirable for atomization. The P4-011 grade MFI was an order of magnitude 
lower than the P9-018, at nominal values of 10 and 110 g/1 0min, respectively. The P4-011 
was also found to be more successful in creating a desirable single-phase flow using the same 
dies used with the P9-018. 
Process design parameters of die size and extruder screw were examined. An attempt 
to increase the melt pressure by altering die size was done with a series of experiments using 
various die sizes. A die diameter of 0.060 in. was found to avoid plugging and created a 
pressure at or around the vapor pressure of carbon dioxide, barely allowing single-phased 
flow. Since the melt pressure could not be increased via a smaller die without processing 
difficulty, the option of modifying the extruder screw was then examined. In discussing this 
issue with the supplier of the extruder, Axon Plastics Machinery AB, it was found that rough 
guidelines for extruder screw compression ratio per MFI were established by the company in 
order to achieve appropriate barrel pressures. In general, screw compression ratio should 
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match MFI proportionately, so a low MFI material needs a low screw compression ratio and 
high MFI needs a high screw compression ratio. The extruder screw in the process was 
designed for a MFI value well below the P4-011 value, which would account for a process 
variable that is not conducive to dissolved carbon dioxide. This unforeseen circumstance 
was unavoidable because the specified experimental materials had high MFI values. 
Changing the extruder screw is a difficult process that required the acquisition of a different 
screw, which was not feasible due to cost and time constraints. 
Another processing parameter that may have created difficulty is HPGA nozzle 
placement in relation to the extruder die. Originally, the nozzle insert fit perfectly flush with 
the end of the pour tube, with the insert mounted in a countersunk portion of the mounting 
plate. Because of the engineering tolerances related to die design, the HPGA nozzle was 
shimmed down, creating a gap between the nozzle mounting plate and atmosphere outside 
the collection chamber. It was thought that this action led to complications during 
atomization. Atomized material was solidifying across and behind the HPGA nozzle, which 
was later confirmed using crucible-based operations having the HPGA shimmed down. An 
image of the HPGA nozzle after atomizing PE130 material with the nozzle lowered is shown 
in Figure 5 .1. This figure shows that the PE 130 material solidified to both the back and front 
of the nozzle. Product material from this analysis contained some powder, but mostly had a 
cotton-like make up, similar to cotton-like material produced with the polypropylene 
materials. Although polypropylene material did not solidify on the back of the nozzle like 
the PE130 example shown, but the cotton-like product was common with the polypropylenes. 
This phenomenon seemed to disappear when running the PE 130 with the nozzle mounted 
into the upper plate, thus closing the nozzle/mounting plate gap and creating the expected 
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Figure 5.1. Left image the front of the HPGA; right image the back of the HPGA. As can be seen material is 
solidified on both sides (images not to scale). 
powder product. This problem led to a decision that dies need to be manufactured so their 
tolerance places the nozzle insert flush with the die face and allow the insert to seal within 
the mounting plate. 
A small amount of additional work was completed with a HPGA II nozzle in place of 
the original HPGA nozzle. This is a second-generation nozzle and differs from the first-
generation nozzle by having converging-diverging micro-jets instead of straight bored jets. 
This newer design has an optimal aspiration pressure of 525psi, as compared to the 1 000psi 
optimal aspiration of the originally used nozzle, and has flow patterns that suggest higher and 
more consistent shear flow energy during primary atomization [64]. Previous work suggests 
that this is beneficial to polymer atomization because the primary atomization occurs mainly 
at the primary point of atomization [6]. Unfortunately, little work was done with this nozzle 
due to the difficulties encountered. The few results suggest that polymer atomization with 
this nozzle may be improved, but there are still major amounts of material lost in processing, 
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as with the first generation nozzle, and product collected are still less than 10% of the 
material processed. 
6. Conclusions and Future Work 
An extruder was acquired with the ability of gas injection and was successfully coupled 
to the existing polymer gas atomization system. Experimental operation found certain 
processing constraints that were related to the extruder design in nature and to the types of 
polymer materials studied. The extruder acquired, however, did not have a design matching 
the material properties of the chosen polymers. Polymer viscosity and MFI were too high for 
the extruder screw compression existing in the acquired extruder. Because of this, die 
diameter reduction was unable to increase the pressure to utilize the carbon dioxide injected 
into the extruder by the supercritical fluid pump as a supercritical fluid. 
The die was found to be a key component because of the superheat required to keep the 
polymer molten and the ability to increase the barrel pressure by reducing the die diameter. 
Using melt temperatures less than or equal to 230°C, plugging was encountered unless the 
die section was heated to around 250°C then cooled to the desired temperature while 
extruding material. Since the supercritical pump requires barrel pressures above the critical 
pressure (74atm), experiments were run with die size to achieve the desired pressure. The 
optimal die diameter that avoided plugging and achieved pressures closest to the critical 
pressure of carbon dioxide was the 0.060 in. with a die length of 0.10 in. Since there were 
difficulties in creating an appropriate barrel pressure even with die alterations, the MFI 
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relation to screw compression ratio was examined. It was determined, after implementing 
and experimenting with the extruder, that the MFI and the screw compression ratio were not 
compatible to achieve barrel pressures above the supercritical pressure of carbon dioxide. An 
extrusion screw with a higher compression ratio is needed to increase the barrel pressure for 
the polymer materials studied. Additionally, the extruder used in this study gives melt flow 
rates lower than the optimal rates from previous crucible work. The extruder extrudes at a 
maximum melt flow rate of about 3g/s, while the 1/8 in. pour tube, which gave the optimal 
flow in previous work, had a flow rate of l0g/s and the 1/16 in. pour tube had a 3g/s flow rate 
[4]. 
Atomization of polymer micro beads proved to be difficult due to process constraints and 
technical difficulties. Experimentation was completed, however, for polypropylene P9-018 
and P4-011 using gas cylinder injection and supercritical pump injection. Both techniques 
yielded low mass yields of collected sample particles (0.05-l.4wt% via supercritical pump 
injection) with some microbeads. Particles with a tear drop shape and fibrous tails were 
commonly seen in the particles collected. 
Microbeads with reduced crystallinity were the desired product, but were not achieved as 
a sole product. Particles produced, were entrained in a cotton-like webbing, and did show 
slight crystallinity reduction, confirmed by the DSC data. Process conditions indicated that 
higher carbon dioxide injection pressures (greater than 55 atm) were more favorable for 
single-phased flow than lower pressures (for both liquid and gaseous carbon dioxide). Melt 
temperature indicated that lower temperatures were more favorable than higher temperatures, 
which is most likely due to temperature gradient between the processing temperature and the 
98 
melt crystallization temperature. Lower mass flow rates of both polymer and carbon dioxide 
were more conducive to particulate products. 
A number of suggestions can be made regarding future work. Most of these suggestions 
involve process alterations that are directed toward enhancing the supercritical system to 
fully utilize the technology. The presently used polypropylene materials (P4-011 and P9-
018) show some feasibility for atomization and have potential to be optimized to produce a 
higher weight percent of desired product. This is based on the ability to produce the small 
weight percentage observed, which would not be achieved if the concept were completely 
flawed and impossible to validate. 
Firstly, the extrusion process should be optimized to create an environment suitable for 
supercritical fluid injection. This would require melt pressures reaching a minimum value of 
68 atm (69 bar) and possibly ranging as high as 272 atm (275 bar). To achieve such 
pressures utilizing the same materials as this work requires changing the extruder screw to a 
screw with a higher compression ratio. A compression ratio suitable for achieving the 
desired pressures is not known at this time for materials having MFI values in the 10-100 
ranges. Another option to altering the screw configuration is to experiment with materials 
with lower MFI values. Melt pressure experimentation with other desirable materials is also 
a feasible option that does not require the capital involved in acquiring an extruder screw. 
Regardless of the choice made, there is a strong possibility that die size will require 
optimization. 
Another beneficial process adaptation that can be made involves experimenting with an 
advanced generation of the HPGA nozzle, the HPGA II. The present HPGA nozzle uses a 
straight bore and high pressure ( around 1 000psi), but the HPGA II can achieve higher 
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shearing action at lower pressures (525psi). Such an alteration is worth examining and may 
give desirable results. 
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Figure B.7. Master curves of polypropylenes and polystyrenes shifted using WLF (Equation 2.4) at a reference 
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Table B.1. Shift factor information for data referenced at 230°C in Figure B.7 showing WLF shift factors (ar) 
and fit parameters (C1 and C2). 
P4-0ll P9-018 PS207 PS207 
C1 -0.77 -1.92 3.22 1.30 
C2 -120.23 -171.25 175.47 101.75 
T (°C) 200 230 260 200 230 260 200 230 260 200 230 260 
3T 1.17 1.00 0.77 1.33 1.00 0.67 1.93 1.00 0.62 1.72 1.00 0.74 
